The life history and reproduction of the amphipod Jassa slatteryi were investigated monthly for one year on a seagrass bed (Zostera marina L.) in Gwangyang Bay, southern Korea. The standing crop of seagrass showed two peaks in spring and fall. Population dynamics of J. slatteryi was closely correlated with the standing crop of seagrass, suggesting that there is biological interaction between these two species. The life-history pattern was annual and iteroparous with two principal periods of juvenile recruitment during the year; in spring (March to May) and fall (October to December). Overall sex ratio was female-biased. The mean body length of adults and brood size was larger in the spring breeding period than in the fall. There was a positive relationship between the brood size and body length of ovigerous females. The mean egg volume was more than 0.03 mm 3 in fall breeding periods, but in other periods it was less than 0.03 mm 3 . Egg volume was positively related to body length of ovigerous females. At any given female size, egg volume was significantly higher in the fall than in the spring, whereas brood size in the spring was significantly larger than that in the fall. The reproductive output of females was much greater in the fall than that in the spring, suggesting higher reproductive effort during the fall breeding period.
INTRODUCTION
Benthic amphipods constitute a common component of the total invertebrate faunal assemblage associated with seagrass beds (Nagle, 1968; Stuart, 1975) , and they are among the most important prey items for juvenile and adult fish and large decapods crustaceans inhabiting seagrass beds (Stoner, 1980) . Life history patterns of benthic amphipods inhabiting seagrass beds are known to be influenced by biotic and abiotic factors and these factors may vary along geographic gradients and local or temporal scales (Moore, 1981) . Although considerable literature exists concerning the population dynamics of benthic amphipod species in marshes (Borowsky, 1980; VanDolah, 1978) , sandy beachs (Suh and Yu, 1997; Yu et al., 2002) and mud bottom (Fish and Mills, 1979) , little is known about species associated with seagrass habitats (Stoner, 1980; Jeong et al., 2006) . Few studies have dealt with the significance of these amphipods as important secondary production in seagrass beds (Moore, 1978; Jeong et al., 2004 Jeong et al., , 2006 .
One ischyrocerid amphipod that resides in a selfconstructed tube built on seagrass beds is Jassa slatteryi Conlan, 1990 , which is an abundant member of the seagrass epifaunal tube dweller community along the south coast of Korea and in Tanabe Bay, northeastern Japan (Conlan, 1990; Jeong et al., 2004) . J. slatteryi is an herbivorous feeder feeding diet such as seagrass tissues and benthic diatoms and has the highest secondary production for amphipods inhabiting seagrass beds (Jeong et al., 2004 (Jeong et al., , 2006 . In seagrass beds, J. slatteryi functions as both a link in the decomposition process, reducing the particle size of detritus by shredding it with mouth appendages, and as a grazer of seagrass epiphytes (Howard, 1982) . Thus, it is likely that this species plays an important role in the food web of seagrass beds.
In spite of its abundance and potential contribution to food webs in seagrass beds communities (Fredette and Diaz, 1990; Jeong et al., 2006) , there is no information on the life history and reproductive biology of Jassa slatteryi. Only a few studies have addressed its distribution, systematics, and secondary production (Hong, 1983; Jeong et al., 2004 Jeong et al., , 2006 . The aim of the present study is to provide the lifehistory traits and reproduction of the J. slatteryi on seagrass beds based on a quantitative investigation.
MATERIALS AND METHODS
The Study Area Samples were collected monthly from January to December 2002, at the spring tide low water mark on a seagrass bed (Zostera marina L.) in Gwangyang Bay, southern Korea (see Jeong et al., 2006) . Tidal levels were measured as the distance (m) above and below mean sea level (MSL) of Gwangyang (NORI, 2002) . Annual tidal ranges varied with sampling date from 415 cm above to 22 cm below MSL. The seagrass bed inhabits the shallow coast along the shoreline with a width of 10 to 30 m and a length of 90 to 100 m. Water temperature ranged from 9.2 to 26.48C (Fig. 1A) .
Sampling Procedure
Three replicate samples were taken by hand net (15 cm 3 15 cm mouth, 0.15 mm mesh size) using SCUBA. The hand-held net was cylindershaped, and the mouth could be opened and closed. The net was carefully placed over seagrass and covered the tips of leaves to the rhizomes. Then the mouth of the net was closed before cutting the rhizomes. To avoid disturbance of sediment, samplings were taken approximately 15 cm above bottom. The seagrass samples were transported to the laboratory and then the animals were separated from the seagrass with a rinse of filtered sea water. Dry weight of seagrass was measured after drying for 24 hours at 608C in an oven and weighted to the nearest 0.01 g using an electronic microbalance (Mettler Instrument, JW-300). Separated animals were preserved immediately in 5% borate-buffered formaldehyde with filtered sea water. Jassa slatteryi were sorted and counted under a dissecting microscope in the laboratory. Using an image analysis system (Image Pro Plus 2.0), the lateral size of individuals was measured from the tip of the rostrum to the end of the telson. Specimens were sexed and classified into four developmental categories: juvenile, male, non-ovigerous female, and ovigerous female.
Eggs were estimated as ellipsoids and egg volumes quantified by the formula (see Yu et al., 2002) :
where r 1 is the longest dimension of egg divided by two, and r 2 is half of the broadest dimension at a right angle to r 1 . The relationships of reproductive traits (number of eggs, egg volume, and brood volume) to the body length of females were analyzed with log-transformed data, determined by the regression equation:
where y is the brood size (number of embryos per brood), the egg volume (mm 3 ) or brood volume (brood size 3 egg volume), 3 the body length (mm) of ovigerous females, a the intercept of the equation, and b the slope. In order to determine the relationship between brood size, egg volume or brood volume and body length, only ovigerous females with stage I eggs were used (Bell and Fish, 1996; Rajagopal et al., 1999) . Ovigerous females with no eggs were not considered. Determination of five egg developmental stages of ovigerous females followed that of Fish (1975) .
Prior to statistical analysis, the data were tested for homogeneity of variances and normal distribution (SPSS, Version 12.0) . Normal distributed data were tested with parametric methods, otherwise non-parametric methods were used. Abundance data were analyzed for significant temporal variability and differences in density between adjacent sampling periods by one-way ANOVA. Differences in density between adjacent sampling periods were tested by the Tukey HSD test. The relationship between biomass of seagrass and density of J. slatteryi was assessed using the Pearson's correlation test. v 2 tests were used to examine differences in the proportions of males and females. Differences in size distribution between males and females were assessed using the Kolmogorov-Smironov twosample test. The differences of egg volume between months and developmental stages were tested using two-way ANOVA. To determine whether differences in the slope occurred between two breeding seasons, ANCOVA was used to compare regression slopes and elevations (Zar, 1984) .
RESULTS Abundance
Standing crop of seagrass varied significantly throughout the year (ANOVA; F 11 ¼ 29.82, P , 0.05). Mean standing crop ranged from 60 g DW m À2 in February to 838.51 g DW m À2 in May. A significant change of standing crop of seagrass occurred from March to April and July to August (Tukey HSD test, P , 0.05) (Fig. 1B) .
Density of J. slatteryi varied significantly throughout the year (ANOVA; F 11 ¼ 502.10, P , 0.01). Mean density ranged from 0.1 10 3 ind. m À2 in September to 28.7 10 3 ind. m À2 in June and showed a peak in June and then began to increase in October (Fig. 1C ). Population density of J. slatteryi changed significantly between April-May and July-August (Tukey HSD test, P , 0.05) (Fig. 1C) .
The relationship between standing crop of seagrass and density of J. slatteryi was highly significant (Pearson's correlation test, N ¼ 36, r 2 ¼ 0.81, P , 0.05). Juveniles comprised more than 50% of the total population during two periods, in spring (March to May) and fall (November to December) (Fig. 1D) . A proportion of ovigerous females more than 10% of the total population occurred in February, March and October (Fig. 1D) .
Life Cycle
The size-frequency data showed that J. slatteryi has an annual life cycle and two principal periods of juvenile recruitment during the year, in spring and fall (Fig. 2) . Juveniles, which grow continuously from spring to winter, persist in the population for as long as twelve months. However, some of them mature early in summer and then reproduce in fall. The post-spawned adult males and females (above 6.0 mm body length) disappeared after spring breeding.
All developmental stages of J. slatteryi occurred during two periods; February to July and October to December (Fig. 3) . In January, August and September, no ovigerous females were observed. Total density in September was the lowest and only juveniles and non-ovigerous females were found (Figs. 2, 3 ). Ovigerous females appeared in February and began to reproduce during spring (Fig. 3) . After April, most of the large individuals had disappeared (Fig. 3) . Newly hatched juveniles began to increase in March. The proportion of juveniles decreased, whereas the proportion of males and females increased after spring breeding (Fig. 1D ).
Sex Ratio
The values of sex ratio [male/(male þ female)] ranged from 0.0 in September to 0.67 in August (Table 1 ). In the two main breeding periods, the sex ratios were lower than 0.5 except for 0.57 in May. Females were significantly more abundant than males in March, October, November and December, whereas in June and August the abundance of males was significantly greater than that of females (Table  1) . During the study period the total number of females was significantly higher than that of males (v 2 ¼ 72.45, d.f. ¼ 10, P , 0.05).
Size of Males and Females
The maximum body lengths of males and females were 8.25 mm and 9.75 mm, respectively. Sexes were distinguishable between 2.0 mm and 4.0 mm body length. The smallest and largest body lengths of females were 2.25 mm and 9.75 mm and those of males were 2.0 mm and 8.25 mm, respectively. Most ovigerous females ranged from 2.97 mm to 9.75 mm body length. The average body length of males and females was 4.5 6 0.9 mm and 4.8 6 0.7 mm, respectively, and the body length of females was significantly larger than that of males (Kolmogorov-Smironov test, d ¼ 0.68, P , 0.001). During winter, males and females continuously increased in body length. The mean body length of males was greater in February than in December (Kolmogorov-Smironov test, d ¼ 0.64, P , 0.05). Also, the body lengths of all females, including ovigerous females, showed a significant size increment from January to March (Kolmogorov-Smironov test, d ¼ 0.58, P , 0.05).
Fecundity
The mean brood size of J. slatteryi was 43 eggs per brood. There was a significant relationship between the brood size and body length of ovigerous females (Student's t ¼ 6.60, P , 0.01), but the r 2 value was low at 0.27. The regression equation was: ln y ¼ 3.34 þ 0.22 ln x (N ¼ 68, P , 0.01). When the data were separated into spring (March to May) and fall (October to December) breeding cohorts, there was significant relationship between number of stage I eggs and female body length: in spring (ln y ¼ 3.56 þ 0.12 ln x, N ¼ 36, r 2 ¼ 0.23, P , 0.01) fall (ln y ¼ 3.36 þ 0.16 ln x, N ¼ 22, r 2 ¼ 0.16, P , 0.01). The slopes did not significantly differ between the two groups (ANCOVA: F 1,56 ¼ 0.54, P . 0.4), but the intercepts after determining a common slope were significantly different (ANCOVA: F 1,55 ¼ 32.33, P , 0.01) (Fig. 4A) . The seasonal variation in the number of stage I eggs per brood was conspicuous. In the spring breeding period, the number of stage I eggs was higher as compared with the fall period. There was a significant difference in number of stage I eggs between the spring and fall breeding periods. The mean brood sizes in the spring and in the fall breeding periods were 41.6 6 6.9 and 36.3 6 4.8, respectively (Fig. 5A ).
Egg Volume
The volume of stage I eggs ranged from 0.02 mm 3 to 0.12 mm 3 . There was a significant relationship between the volume of stage I eggs and the body length of the ovigerous females (Student's t ¼ 3.05, P , 0.01). The egg volume (y in mm 3 ) and body length (x in mm) were related by (Fig. 4B ). The two groups showed similar regression patterns (ANCOVA: F 1,56 ¼ 1.20, P . 0.3), but the intercepts after determining a common slope were significantly different (ANCOVA: F 1,55 ¼ 52.24, P , 0.01). There was a significant difference in egg volumes between spring and fall breeding periods. The mean egg volume from October to December was . 0.03 mm 3 , but in other months was , 0.03 mm 3 (Fig. 5B ). In the fall breeding period, egg volume showed a higher value compared with that in the spring period.
The patterns in egg volume according to marsupial development are shown in Fig. 6 . There was a significant difference in egg volume between developmental stages (ANOVA: F 4,161 ¼ 19.71, P , 0.01). The pattern of development of egg volume in April was similar to that in November and increased overall. Egg volume in November increased significantly from stage II to stage III (Scheffé test, P , 0.05). Table 1 . Monthly population composition, Sex ratio and mean body length of Jassa slatteryi. The v 2 statistics are significant (*, at P , 0.05; **, at P , 0.01; ***, at P , 0.001). Reproductive Output The ovigerous females had brood volumes for stage I eggs from 0.84 to 1.74 mm 3 . There was a significant relationship between the brood volumes of stage I eggs and length of ovigerous females (Student's t ¼ 69.11, P , 0.01). The regression equation was: ln y ¼ 3.34 þ 0.23 ln x (N ¼ 52, r 2 ¼ 0.28, P , 0.01). When the data were separated by breeding period, brood volumes of stage I eggs were significantly correlated with length in ovigerous females between two breeding periods: in the spring (ln y ¼ À2.11 þ 1.33 ln x, N ¼ 36, r 2 ¼ 0.67, P , 0.05) and in the fall (ln y ¼À1.72 þ 1.25 ln x, N ¼ 22, r 2 ¼ 0.65, P , 0.05) (Fig. 7) . Results of ANCOVA showed that there was no significant difference between slopes (F 1,56 ¼ 0.54, P . 0.4), but the intercepts after determining a common slope were significantly higher (F 1,55 ¼ 32.33, P , 0.01) in the fall breeding period than in the spring.
DISCUSSION Population Dynamics
The population dynamics of Jassa slatteryi are clearly linked to the growth pattern of seagrass. The standing crop of seagrass showed a peak in May and then began to decrease in June (Fig. 1B) . The population density of J. slatteryi reached maximum value in June and then decreased in July (Fig. 1C) . There is a time lag of one month between growth of seagrass and density of J. slatteryi. J. slatteryi feeds on mainly seagrass tissues and benthic diatoms inhabiting seagrass leaves as an herbivorous feeder (Jeong et al., 2004) . Thus, a large standing crop of seagrass supports favorable food conditions for J. slatteryi and may lead to rapid population growth. Population density in Gammarus mucronatus inhabiting seagrass bed varied with the amount of food available (Fredette and Diaz, 1990) . Yu et al. (2002) reported that the density of Synchelidium lenorostralum was closely related to food availability. Therefore, we suggest that the standing crop of seagrass may play a significant role controlling the foods of J. slatteryi and directly affect population dynamics of J. slatteryi.
The population density of Jassa slatteryi increased remarkably from March to May (Fig. 1C) . During this period, the population of J. slatteryi was dominated by juveniles below 3.0 mm body length (Fig. 2) . Density of J. slatteryi was high until July but rapidly decreased in August (Fig. 1C) . In September, the density reached a minimum value of 0.1 10 3 ind. m À2 . These density changes can possibly be explained in two ways. The first is that there was a decrease of adult population density as a result of the death of breeding individuals. After spring breeding, the population was dominated by juveniles, and most of the large individuals disappeared in September (Fig. 2) . The second possibility may be that there was decrease by feeding of predators such as migratory fishes. Seagrass beds have an important role as feeding ground for migratory fishes (Thayer et al., 1984) . Predations have often been invoked as a major factor in amphipod population regulation (Nelson, 1979) . This study area also showed a decrease in amphipod density by active feeding of migratory fishes in July and August (Jeong et al., 2004) . Kwak (1997) reported that amphipods occupied more than 30% of the total gut contents of fishes in this area. We suggest that individuals of J. slatteryi that survived from fish predation keep growing and then reproduce in the fall breeding period and in the next spring.
Life History Jassa slatteryi has two main breeding periods during the year, in spring (March to May) and fall (October to December). The mean life span may be one year because large ovigerous females did not occur after the spring breeding period (Fig. 2) . Juveniles constituted the major proportion (. 20%) of the total population in all months except October (Fig. 1D) . The high proportion of juveniles throughout the year is explained by the year-round breeding activity of females. This is one of important reproduction strategies of amphipods. According to Sainte-Marie (1991) , life histories of gammaridean amphipods are classified into eight categories. Among these, iteroparity is typical for most gammaridean amphipods. In terms of potential reproductive output, the short-lived amphipods with year-round breeding have a much higher reproductive potential than the longerlived ones (Wildish, 1988; Sainte-Marie, 1991) . As described for most shallow-water gammarideans, the seagrass bed species J. slatteryi possesses an iteroparous annual life cycle with high reproductive potential. Sex ratios were often female biased (Table 1) . However, males were relatively more abundant than females during non-breeding periods (Fig. 1D) . The biased sex ratio of amphipods is explained by different mortality between males and females over the year (Carrasco and Arcos, 1984) and might be a consequence of life span within species (Musko, 1992) . Thus, the female-biased sex ratio of J. slatteryi may be due to the early death of adult males after coupling during a short life span. Reproduction A well-known reproductive strategy of amphipods is to produce numerous small eggs in summer and fewer large eggs in winter (Beare and Moore, 1998) . Jassa slatteryi also employs a similar reproductive strategy: numerous small eggs in the spring breeding period and fewer large eggs in the fall (Fig. 4A, B) . Because the large eggs usually hatch to large juveniles (Sheader, 1983) , large eggs of J. slatteryi spawned in the fall produce large juveniles that have a greater chance of survival than small juveniles during winter.
The significant relationship between brood volume and body length of J. slatteryi was apparent during the two breeding periods. Results of ANCOVA on log-transformed data suggest that females paid more energy for reproduction during the fall breeding period than the spring (Fig. 7) . In the seagrass beds, the amount of energy for reproduction of amphipods is dependent on environmental conditions including body size, temperature and food availability; these factors could potentially drive variation in reproductive output (Fredette and Diaz, 1990) . It is likely that a difference in reproductive energy between the two breeding periods may be attributed to the intrinsic reproductive strategy of J. slatteryi. Therefore, we suggest that a biased energy input for fall breeding would give this species an advantage for the successful maintenance of populations on seagrass beds.
